Agaricus bisporus Lge. mushroom belongs to the Basidiomycete species and lies in the evolution tree between lower mushrooms, Ascomycete species (like yeast, Neurospora crassa), and higher plant organisms. This variety of mushroom is, therefore, of particular interest when looking at some evolution effects on oxidation metabolisms or on the structure and function of the respiratory chain in the mitochondrial membrane. Results concerning the number and the role of the Cyt b in the mitochondrial respiratory chain depend on the investigated organisms, and it should be of some help to shed some light in that direction.
system. At 293 K, the c-type cytochromes exhibit a common a band with a maximum at 550 naeters. This band is split at 77 K, with peak positions at 547 nanometers (cytochrome c) and 552 nanometers (cytochrome ci). Agaricus bisporus Lge. mushroom belongs to the Basidiomycete species and lies in the evolution tree between lower mushrooms, Ascomycete species (like yeast, Neurospora crassa), and higher plant organisms. This variety of mushroom is, therefore, of particular interest when looking at some evolution effects on oxidation metabolisms or on the structure and function of the respiratory chain in the mitochondrial membrane. Results concerning the number and the role of the Cyt b in the mitochondrial respiratory chain depend on the investigated organisms, and it should be of some help to shed some light in that direction.
It is generally accepted that there are only two b-type Cyt in complex III of the mammalian mitochondrial respiratory chain (28, 33) , although a larger number of components have been described optically or potentiometrically (35) . Dual wavelength difference spectrometry has brought evidence for three spectral forms of b-type Cyt in higher plants (24, 27) . However 25030 Besancon Cedex, France. components have been reported from optical, as well as from potentiometric, studies (22) . Results related to mitochondria from lower organisms or microorganisms are even less clear due to the small number of studies carried out in that field (25) . In particular, few results are available concerning mitochondria from mushrooms like Basidiomycetes (25) . The situation is becoming more puzzling, as genetic studies revealed that a single mosaic structural gene was coding the Cyt b apoprotein of mol wt 30,000 (6) .
The small amount of information available on the mitochondrial respiratory chain of A. bisporus Lge. comes essentially from very recent studies (1, 17-19, 31, 32) . The presence of Cyt c oxidase, Cyt c and cl, and two spectral species of b-type Cyt has been reported (17) (18) (19) . However, the b5m species, present in mitochondria from all studied higher plants (22, 24, 27) , remained undetectable by difference spectrometry in mitochondria from A. bisporus Lge. (18, 19) . In the present study, we have extended the investigation by dual wavelength spectrometry at 77 K and 293 K. We also took advantage of a new method developed for the study of multicomponent redox systems, combining absorbance and redox potential measurements and involving their numerical analysis (7, 11, 12) . This method is derived from a generalized Nernst equation (10) directly connecting absorbance and redox potential values of the suspensions (7, 12) . It made possible the resolution oftwo midpoint potential values only 10 mv apart (7, 12) .
To make reliable the comparison of results at different wavelengths, we used a rapid scan spectrometer fitted to the study of turbid materials (7, 9, 1 1) to collect spectra in the a region at the successive redox equilibria. The individual difference spectra of the resolved species were calculated by processing the analysis at the successive wavelengths of the recorded spectra. To our knowledge, this is the first time that individual spectra of undissociable species like the b-Cyt have been derived from such a rigorous analytical method.
Following this procedure, we resolved in detail the segment of MATERIALS AND METHODS Biochemical Methods. Mitochondria were isolated from whole, well isolated carpophores of A. bisporus Lge., according to a procedure previously described (16) . The suspension medium was 300 mm mannitol, 1.25 mm EDTA, 2 mm phosphate buffer (pH 7.2), and 1 mg/ml BSA (fraction V, Sigma). Mitochondrial proteins were determined by Nesslerization (23) . Mitochondria were purified by centrifugation on a discontinuous density gradient of sucrose (17) . The soluble mitochondrial Cyt c was extracted according to the method of Lance (24) .
Optical Techniques. Difference spectra were recorded in the range of 500 to 600 nm with an Aminco-Chance spectrometer used in the split beam mode. The spectra were run at 77 K in liquid N2 with 2 mm optical path cells (15) or at 293 K with 10 mm optical path cells. Absorbance changes during the redox titrations were collected with the home-built rapid scan spectrometer CD66 (7, 9, 11) used in the dual beam mode. Difference spectra being calculated afterwards, it is unnecessary to maintain mitochondria at a specific redox level in the reference cuvette. Indeed, the role of the reference beam is just to match the sample one and keep the differences in the input range of the electronics. This is perfectly fulfilled by inert scattering material like a piece of thin paper, saving biological material and avoiding questions about the reference stability throughout the titration. Therefore, this rapid scan spectrometry approach guaranteed us that all absorbance values of a same spectrum correspond to a single redox state. The scanning speed was about 80 spectra per second. Spectra were recorded after equilibration of the redox potential and were stored on magnetic tape for further analysis. Each stored spectrum resulted from the accumulation of 400 successive spectra defined by 128 points between 520 and 585 nm. The digitization time for each point was 7 ,us. The signal to noise ratio was improved by this averaging procedure with no increase of the duration of the titration.
The base line changes were empirically corrected by calculating the absorbance values with respect to a straight line defined by the points at 575 and 540 nm (11) .
Potentiometric Measurements. Potentiometric measurements were carried out according to the method of Dutton et al. (14) and as defined previously (7, 12) . Redox (21) .
Mitochondria were suspended in 0.1 M Mops buffer (Sigma) (pH 7.2) containing 0.6 M sorbitol (Serlabo, Paris, France). Among the redox mediators (Serlabo) used as defined in figure legends were the following: diaminodurol; FeCl3-EDTA; pyocyanine; duroquinone; and 2-hydroxy-1,4-naphtoquinone. The oxidant (0.1 M potassium ferricyanide) and the reductant (0.5 M dithionite) were prepared in deaerated 0.1 M Mops buffer and delivered with an airtight 500-,lI micrometer syringe (Agla, London).
Experimental precisions were in the range of 0.5 to 1.0 A x 103 and of 0.5 to 1.0 mv for the combined absorbance and redox potential measurements, respectively. Data Analysis. Numerical analysis of the combined measurements involved a generalized Nernst equation (10) expressed by a direct relationship between the absorbance A and the redox potential Eh of the observed suspensions (7, 12) :
with Kj = RT/njF, wh6re Ai is absorbance of the system in the ith redox equilibrium state with an optical path of 1 cm; Ar is absorbance of the fully reduced system; DAj is maximum absorbance change of the jth component at the considered wavelength; Emj is midpoint potential of the jth component at the defined pH and temperature of the experiment; Ehi is redox potential of the suspension; nj is number of electrons involved in the redox process of the jth species; and T = 293 K, R = 8.314 Joules K-1, and F = 96,493 coulombs.
The theoretical possibilities of resolution by using equation 1 have been detailed previously, as have the computation methods (7, 12) . Three statistical criteria of analysis have to be satisfied to bring good agreement between experimental and theoretical values: (a), the overall SD of the fitted function must be in the range of the experimental deviations; (b), the parameters must be well defined; and (c), the deviations between experimental and calculated values must be randomly dispersed (7, 12) .
The treatment of the data on tape and their analysis were performed with a CII 10 070 computer at the Centre de calcul du Pharo de l'Universite d'Aix-Marseille II. The experimental points and the fitted theoretical curves were displayed graphically by a Benson 122 plotter, as were the three dimensional plots of the titrations.
RESULTS
Optical Characterization of the b-and c-Type Cyt. In Figure 1 to I) or at 293 K (traces D to F) and involve some previous results (17) (18) (19) .
Trace A presents only thea andf8 bands of the b-type Cyt, since the respiratory chain was inhibited by antimycin in one of the conditions. Reduction of the b-type components does not require addition of substrate due to the presence of endogenous substrate in sufficient amounts to sustain a weak electronflow, even in presence of uncoupler and incubation with limiting quantities of ADP. Indeed, the presence of endogenous substrate seems to be specific for plant materials (24, 30) , in contrast with mammalian mitochondria (2, 3) . The a band of trace A has a maximum at 559 nm and a shoulder at 562 nm. The corresponding , band has a maximum at 529 nm and a weak peak at 536 nm.
Trace B results from the comparison of two preparationsincubated with antimycin, one of them being supplemented with succinate. The a band is then characterized by a peak at 562 nm and the associated fi band by a peak at 536 nm, lacking the contribution at 529 nm.
From comparison between traces A and B, one can deduce that the respiratory chain has two b-type components characterized at 77 K and in presence of antimycin by a and I? peaks at 559 and 529 nm and at 562 and 536 nm, respectively.
The sample and reference preparations corresponding to trace C were treated with antimycin. The sample was further supplemented with succinate, then, after anaerobiosis, with ascorbate and TMPD4. Under these conditions, the difference spectrum should exhibit the contributions of trace B in addition to the Cyt specifically reduced by ascorbate and TMPD. This is precisely The bsw species is difficult to observe at 293 K, due to its very small contribution. Its,B band at 536 nm at 77 K seems to be the most visible and the most specific (see traces A and C). At 293 K, the a and ft bands of the c-type Cyt are not resolved and present maxima at 552 and 518 nm, respectively (trace F), whereas, at 77 K, one can distinguish two a peaks at 552 and 547 nm with a corresponding single I? peak at 519 nm (trace C). This would suggest the existence of two c-type Cyt, which can be confirmed by extracting one of these species. The reduced minus oxidized difference spectrum of the solubilized form (24) at 77 K (trace G) has an a band maximum at 547 nm with a characteristic shoulder at 545 nm (see, also, trace C) and a f? band maximum at 519 nm. This form is identified with Cyt c. The Cyt c concentration in the solubilized fraction has not been measured, and, therefore, trace G is only of descriptive value.
Trace H has been recorded with Cyt c-depleted mitochondria. It confirms that most of the Cyt c has been solubilized and allows the identification of the second form, characterized by a and /3 peaks at 552 and 519 nm, respectively, with Cyt cl, known to be more tightly bound to the inner mitochondrial membrane (24, 27) .
Trace H exhibits partial reduction of Cyt b50, as evidenced by the shoulder at 557 nm and the peak at 529 nm (see, also, trace A).
Trace I exhibits a specific property of the bw0 component.
Indeed, the comparison of this spectrum of mitochondria reduced by succinate in absence of antimycin to spectrum A recorded also at 77 K points out clearly that the a peak is shifted by the inhibitor 4Abbreviation: TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine. from 557 am (traceI) to 559 am (trace A). The shoulder does not seem to be affected, suggesting that the action of the antimycin is restricted to the bw0 species.
Potentiometric Investigations. Redox titrations have been carried out in both oxidative and reductive directions, in ranges encompassing complete redox changes for c-and b-type Cyt, i.e. 100 to 400 mv and -100 to 300 mv, respectively.
During the course of the six experiments performed, we observed wavelength-dependent changes in the opacity of the mitochondrial suspensions, as illustrated in Figure 2 (A and B) . In these three-dimensional plots, spectra are referred to the absorption levels at 387.5 and 280.8 mv, respectively, and displayed at regular intervals in the order of their acquisition. Therefore, the redox potentials must not be considered to be defined by alinear scale. However, since the potential steps are of comparable magnitude (7 to 10 mv), the three-dimensional plots give a good visualization of absorbance changes during a complete cycle in potentials. It is worth noting that the initial value of the redox potential is not necessarily at an extreme position on the potential scale. As outlined previously (11) Fig. 1 For three-dimensional plots (absorbance, wavelength, potential), difference spectra are displayed in the order of their acquisition. Therefore, the third dimension related to redox potential cannot be regarded as a real linear potential scale. However, the regular graphical intervals and the choice of the potential steps help the three-dimensional plot to visualize the behavior of the Cyt b and c during the titrations. Spectra of A and B are displayed before the empirical base line correction and spectra in C and D, after. In B, the order of the spectra has been reversed for the sake of the presentation. Experimental conditions in A, 2 mg/ml mitochondria in 0.1 M Mops buffer (pH 7.2), 0.6 M sorbitol; uncoupler, 10 M.M carbonyl cyanide trifluoromethoxyphenylhydrazone; mediators, 0.5 mM diaminodurol, 42 ,pm FeCl3-EDTA, 5 ,UM pyocyanine, 8.6 Mm duroquinone. Identical conditions in B, plus 10 s.m 2-hydroxy-1,4-naphthoquinone.
solubilized from mitochondria by KC1 solutions (24) , has been identified as the classical Cyt c present in all mammalian (26) and plant (22, 24, 27 ) mitochondria, as well as in some microorganisms (25) . However, according to trace H from Figure 1 , a fraction of this Cyt c remains tightly bound to the inner mitochondrial membrane, as is the case in a number of mammalian mitochondrial preparations (26) . The second c-type Cyt, identified with the so-called Cyt cl, is specifically membranous (see spectrum H, Fig. 1 ). At 77 K, its a peak is well resolved, even when Cyt c and the b Cyt are also reduced (traces C and I, Fig. 1 ). This is similar to the yeast system (5) but not very common. Indeed, most plant and mammalian mitochondria have to be depleted of their Cyt c to make Cyt c, distinguishable in their reduced minus oxidized difference spectra (3, 24, 27) . At 293 K, the resolution is completely lost, and a single a band, centered at 552 nm, accounts for the two c-type Cyt, making extremely difficult the estimation of the individual contributions. The individual molecular extinction coefficients, usually assumed to be identical (3, 14) , have never been measured precisely in mitochondria. Moreover, in plant mitochondria, Cyt cl is frequently masked by the so called b&% species (24, 27, 30) , the a band maximum of which is located at 556 nm. This component has been undetected up to now in mushroom mitochondria (18, 19) . It has been reported that this b&% species, reduced in anaerobiosis by succinate, remains oxidized when the respiratory chain is inhibited by cyanide or azide (22, 24, 27, 30) . From this point of view, spectrum H of Figure 1 rules out the possibility that the spectral form at 552 nm is identical with a b-type component similar to the b&% species of plant mitochondria, in agreement with previous results (18) .
Two b-type Cyt have been well characterized optically (traces A and B, Fig. 1) (18) . The bMo species is easily evidenced in the presence of antimycin (trace A, Fig. 1 ) and is instantly reduced by succinate in aerobiosis (19) . Its a band maximum is shifted by 2 nm towards the higher wavelengths by antimycin. These results strongly suggest a direct action of this inhibitor on the bMo species, which would be similar to its action in yeast (29) .
The bw species is far more difficult to evidence, and its reduced minus oxidized difference spectrum in the absence of antimycin is always largely overlapped by the bMo contribution. The be6w redox level may vary significantly after addition of antimycin, and this property has been used to characterize it optically (traces B and E, Fig. 1 ). It has not been possible yet, by multicomponent spectra analysis (8) , to determine the contribution of this b56 species in the a band centered at 560 nm at 293 K. Moreover, it has been established recently (36) that spectral properties of Cyt b may depend on its environment in the membrane, more or less disturbed by reactant additions (see, for instance, Fig. 2 the absorbance and the redox potential of the suspension being studied. We also followed the experimental approach of Denis et al. (11) , involving rapid scan spectrometry (7, 9) . This powerful technique saved us a lot of time and preparations, a single experiment bringing more information than a series of titrations monitored by dual wavelength spectrometry (as many as wavelength points required to define the absorption bands). Dealing with yeast mitochondria, Denis et al. (11) brought to evidence pitfalls in the use of the dual wavelength technique (2, 3) due to wavelength-dependent background changes during the course of the titrations. Such changes were also reported simultaneously by Hendler and Shrager (20) with Escherichia coli membrane. As illustrated by Figures 2A and 2B , this phenomenon was also observed with the mushroom mitochondria and required correction of the spectra before analysis.
The efficiency of the method is again demonstrated by the analysis of titrations like the one of Figure 3A . A visual inspection of the experimental curve could not allow one to conclude the existence of two different components, which are evidenced by the analysis of all the related titrations.
The good reversibility of the titrations, illustrated in Figures 3A and 3B, suggest that thermodynamic equilibrium was reached between mediators and electron transfer components.
The Em values of membrane-bound Cyt c and cl in mushroom mitochondria (292 + 5 mv and 210 ± 10 mv) are similar to the ones found in yeast mitochondria, namely 285 ± 5 mv and 220 + 10 mv (11) . Cyt cl, with a low optical contribution in the a region (about one-fourth that of Cyt c), is entirely overlapped and squeezed between Cyt c and the high potential Cyt b on both the wavelength and the redox potential scales. Despite these highly unfavorable conditions, the computation of the individual difference spectra in the a region provided significant results ( Fig. 3C  and 3D ). However, as would be expected from such a situation, the profile of the Cyt cl a band is not determined with good accuracy. Figure 3C confirms that wavelengths in the close vicinity of 552 and 560 nm were the best ones with which to conduct the titration analysis. Indeed, the contribution of one type of Cyt to the other can be neglected at these wavelengths.
In this study, both approaches (difference spectroscopy and potentiometry) resolved two species in the c-type, as well as in the b-type, Cyt. This makes a rather small number of Cyt b, compared to other plant systems, where up to five b-species have been reported (13, 22) .
Although there is a reasonable agreement between the optical properties of cytochromes c and cl resulting from the above two approaches, the situation is quite different with respect to the Cyt b. In any case, titrations resolved a component with a peak a band at 566 nm, as revealed in Figure 1 , trace E. According to recent results from genetic investigations (6, 34), the Cyt b are thought to derive from a single protein. The different properties related to the b Cyt would result from differences in the environment of the membrane-bound protein (36) . In other words, this protein would be stuck in the membrane at several distinct depths, generating in this way an equal number of b forms. This point is currently under investigation to clarify the discrepancy with respect to the br,e species.
